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We present a detailed temperature-dependent Raman light scattering study of optical phonons
in molecular-beam-epitaxy-grown films of the electron-doped superconductor La2−xCexCuO4 close
to optimal doping (x ∼ 0.08, Tc = 29 K and x ∼ 0.1, Tc = 27 K). The main focus of this work
is a detailed characterization and microstructural analysis of the films. Based on micro-Raman
spectroscopy in combination with x-ray diffraction, energy-dispersive x-ray analysis, and scanning
electron microscopy, some of the observed phonon modes can be attributed to micron-sized inclusions
of Cu2O. In the slightly underdoped film (x ∼ 0.08), both the Cu2O modes and others that can be
assigned to the La2−xCexCuO4 matrix show pronounced softening and narrowing upon cooling below
T ∼ Tc. Based on control measurements on commercial Cu2O powders and on a comparison to prior
Raman scattering studies of other high-temperature superconductors, we speculate that proximity
effects at La2−xCexCuO4/Cu2O interfaces may be responsible for these anomalies. Experiments on
the slightly overdoped La2−xCexCuO4 film (x ∼ 0.1) did not reveal comparable phonon anomalies.
PACS numbers:
Electron-doped high-temperature superconductors ex-
hibit a substantially lower maximum transition temper-
ature and a narrower doping range of superconductivity
than their hole-doped counterparts. The origin of this
asymmetry of the phase diagram is still incompletely un-
derstood, in part due to the complex materials physics
of the electron-doped cuprates. It has been demon-
strated, for instance, that the elaborate annealing pro-
cedure required to stabilize superconductivity in bulk
single crystals of Nd2−xCexCuO4 (NCCO), one of the
most widely studied electron-doped cuprates, generates a
small amount of an epitaxially intergrown impurity phase
that profoundly affects the magnetic properties.[1] Sim-
ilar observations have been reported for some epitaxial
thin films of Pr2−xCexCuO4 (PCCO) grown by pulsed-
laser deposition.[2] The pervasiveness of such inclusions
and their influence on various physical properties is only
beginning to be explored, but the wide variation of the
transport characteristics of thin films of nominally identi-
cal composition [3] suggests that they may be quite com-
mon.
Since Raman scattering is both a powerful spectro-
scopic probe of superconductivity in the cuprates and
an excellent diagnostic tool for impurity phases, we
have carried out a high-resolution Raman scattering
study of molecular beam epitaxy (MBE)-grown films of
La2−xCexCuO4 (LCCO), the compound that exhibits
both the highest critical temperature and the widest
doping range for superconductivity among all electron-
doped cuprates.[4–6] LCCO crystalizes in the so-called
T ′-structure, which does not include apical oxygen ions,
in contrast to the T -structure found in hole-doped mem-
bers of the Ln2CuO4 family. The stability of the
T ′-structure depends on the radius of the lanthanide
(Ln) ions.[4] For Ln = La, the T ′-structure is un-
stable in bulk form, but can be stabilized by epitax-
ial growth on SrTiO3 substrates.[4] Depending on the
growth conditions, LCCO can also crystallize in the T -
structure, but superconductivity is observed only in the
T ′-structure.[7, 8] The superconducting state is stable
over a wider doping range (0.05 ≤ x ≤ 0.22) than in
other electron-doped compounds such as NCCO, and the
maximum transition temperature (Tc ∼ 30 K) is found
at a lower doping level (x = 0.09, compared to 0.15 for
NCCO).[6, 9]
In the hole-doped cuprates, numerous Raman scat-
tering experiments have elucidated the magnitude,
anisotropy, and doping dependence of the superconduct-
ing energy gap, ∆, either directly via electronic Ra-
man scattering [10] or indirectly via phonon anoma-
lies induced by the electron-phonon interaction.[11, 12]
In electron-doped superconductors, electronic Raman
scattering [13, 14] has also yielded valuable informa-
tion about the magnitude and anisotropy of ∆, but
superconductivity-induced phonon anomalies have thus
far not been reported. Since electronic Raman scattering
is difficult in films, we have used the latter method in
an attempt to gain insight into the energy gap of LCCO.
We indeed observe phonon anomalies at temperatures
close to the superconducting transition temperature Tc,
but find that micron-sized Cu2O inclusions present in all
samples complicate their interpretation.
The Raman scattering experiments were performed
on two 900 nm thick LCCO films that had been the
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2basis of prior transport experiments.[15] The films had
been deposited epitaxially on [001]-oriented SrTiO3 sub-
strates, yielding c-axis oriented films, in two independent
fabrication runs using MBE from pure metal sources,
as described elsewhere.[4] After growth, they were an-
nealed in vacuum at 578◦C and 559◦C for 100 and 90
minutes, respectively, in order to remove residual api-
cal oxygen ions.[16] The Ce concentrations were adjusted
to x ∼ 0.08 (corresponding to electron concentrations
slightly less than optimum doping) and x ∼ 0.1 (slightly
overdoped) by exact control of the gas flux rates and use
of inductively coupled plasma - atomic emission spec-
troscopy (ICP-AES).[16, 17] Electrical resistivity mea-
surements revealed Tc ∼ 29 K and 27 K, respectively.
The widths of the resistivity transitions at Tc were be-
low 1 K for both films. For comparison, we used one
platelet-like Cu2O single crystal with c-axis perpendic-
ular to the surface, and two commercial Cu2O powder
samples. Powder (I) had a purity of 99.9% with maxi-
mal impurity content of 0.006% Fe, 0.004% Si, 0.003%
Pb, 0.002% Mn, and 3 ppm Sb (as indicated by the sup-
plier). Powder (II) had a purity of 99.5%, and the sup-
plier did not provide information about the nature of the
impurities.
For the Raman measurements we used two different
setups. In order to maximize the spectral resolution we
used a “macro” setup, where the samples were mounted
in a vertical helium-flow cryostat. The spectra were taken
in quasi-backscattering geometry using the linearly polar-
ized 514.5 nm and 488.0 nm lines of an Ar+/Kr+ mixed-
gas laser for excitation. The laser beam was focused on
a ∼ 100 µm spot on the sample surface with an inci-
dent power of less than 10 mW, in order to avoid sample
heating. The scattered light was analyzed by a DILOR
XY triple grating spectrometer using a nitrogen-cooled
charge-coupled-device (CCD) camera. For higher spatial
resolution we used a “micro” setup, where the samples
were mounted on the cold finger of a horizontal helium-
flow cryostat. The spectra were taken in backscattering
geometry using the linearly polarized 532.0 nm line of
a frequency doubled Nd:YAG laser for excitation. The
laser beam was focused through a 50× (10×) microscope
objective to a ∼ 3 µm (∼ 10 µm) diameter spot on the
sample surface, with an incident laser power of less than
1 mW. The scattered light was analyzed by a JobinYvon
LabRam single grating spectrometer equipped with a
notch filter and a Peltier-cooled CCD camera. For each
Raman spectrum an additional calibration spectrum of a
nearby argon or neon line was measured in order to accu-
rately determine the frequency and linewidth of the dif-
ferent phonons. For data analysis, all phonon peaks were
fitted to Voigt profiles, which result from a convolution
of the Lorentzian phonon lineshape with the Gaussian
shaped instrumental resolution (∼ 4 cm−1 full width at
half maximum (FWHM) for the macro setup).
Figure 1 shows the Raman spectrum of the slightly
underdoped LCCO film at temperature T = 30 K in the
z(xx)z polarization configuration. Here, we use the Porto
FIG. 1: Raman spectra at 30 K of (top) the slightly under-
doped LCCO film (Tc ∼ 29 K) in z(xx)z polarization con-
figuration for 514.5 nm laser excitation, (middle) the Cu2O
powder sample (99.9 %), and (bottom) the Cu2O single crys-
tal each for 532.0 nm laser excitation. (Cu2O spectra scaled
for clarity.)
notation l(ij)m, where l and m denote the direction of in-
cident and scattered light and (ij) their polarization, re-
spectively. Both the slightly underdoped and the slightly
overdoped LCCO films show comparable Raman spectra.
We detect four main modes at 153.5 cm−1 (mode A),
213.5 cm−1 (mode B), 308.5 cm−1 (mode C), and a dou-
ble mode at ∼ 640-670 cm−1 (mode D). A mode at ∼ 429
cm−1, which would correspond to an apical oxygen vibra-
tion in the T -structure of La2CuO4 (Ref. [11]), is not ob-
served, indicating the absence of apical oxygen residuals.
A group theoretical analysis of the phonon modes of the
T ′-structure (tetragonal space group I4/mmm (D174h))
[18] yields A1g +B1g +2Eg Raman-active modes. To our
knowledge, Raman data on T ′-LCCO have not yet been
reported. We therefore use data on related T ′-lanthanide
cuprates such as NCCO for comparison [11, 19, 20]. The
energies of modes B and C are close to, but somewhat
lower than those of the A1g and B1g vibrations, respec-
tively, of the Nd and out-of-plane oxygen atoms in T ′-
NCCO.[20] A downward shift of the LCCO modes with
respect to NCCO would be in line with a continuous fre-
quency evolution previously observed in the series of lan-
thanide cuprates [20].
The assignment of modes A and D is more difficult,
because Raman spectra of other cuprates with the T ′-
structure do not exhibit modes with similar energies.
We have therefore investigated possible contamination
by impurity phases, including Cu2O which has been pre-
viously observed as a contaminant in NCCO.[18] Figure
1 shows a comparison to reference spectra of compressed
Cu2O powder sample I (99.9 % purity) and the Cu2O
single crystal for 532.0 nm laser excitation. Based on
this comparison and on earlier data on Cu2O [21, 22],
3FIG. 2: X-ray Θ-2Θ-scan of the slightly underdoped LCCO
film at room temperature (Cu Kα1 with λ = 1.54 A˚). The
Bragg reflections of SrTiO3 and gold are due to the substrate
and gold contacts on top of the film.
modes A and D can be identified with the infrared-
allowed Γ
(1)
15 and Γ
(2)
15 modes of Cu2O.[23] Due to res-
onance effects, these modes can become Raman-active
with high intensity.[24, 25] The much stronger intensity
of the Γ
(1)
15 mode in the Cu2O powder compared to the
Cu2O single crystal can be attributed to powder averag-
ing over all possible polarization geometries. Mode A in
the LCCO films also shows high intensity, suggesting an
isotropic orientation of the Cu2O impurity phase. The
shift of ∼ 3 cm−1 of mode A with respect to the Γ(1)15
mode of Cu2O may be a consequence of stress imposed
by the LCCO matrix. Note that modes with energies
roughly comparable to those of modes B and C are also
present in the Cu2O reference spectra, but the former
mode is shifted by ∼ 6.5 cm−1 with respect to mode B,
and the latter mode is extremely weak. We will show
below that these modes likely originate from LCCO.
In order to directly characterize the chemical com-
position of the LCCO films, we used high-intensity x-
ray diffraction (XRD). Figure 2 shows a Θ-2Θ scan of
the slightly underdoped LCCO film at room tempera-
ture, plotted on a logarithmic intensity scale. Based on
a comparison with the calculated Bragg angles for the
T ′-structure [4], we clearly identify the expected [001]-
oriented T ′-structure as the main phase. Additional
XRD pole figure measurements (not shown here) also re-
veal the Bragg peaks (103) and (110). This indicates
two T ′-LCCO minority phases with different growth di-
rections, which are stabilized by a well-known, acciden-
tal match between the in-plane and out-of-plane lattice
parameters (c/a ≈ 3). We find no indication for the
presence of any T -structure inclusions. The XRD mea-
surements also confirm the presence of a Cu2O impurity
phase, as well as a trace amount of La2O3 (Fig. 2). The
intensities of the main Cu2O Bragg reflections are about
four orders of magnitude below those of LCCO, but their
ratios indicate random orientation of the Cu2O crystal-
FIG. 3: SEM image of the slightly underdoped LCCO film.
The upper inset shows a partly etched surface area.
lites, in contrast to the epitaxially oriented LCCO ma-
trix. Taking powder averaging of the Cu2O Bragg reflec-
tions into account, the XRD data imply that the volume
fraction of Cu2O is only about an order of magnitude
below the one of LCCO.
The microstructure and the local variation of the chem-
ical composition of the LCCO films were further ana-
lyzed by scanning electron microscopy (SEM) and en-
ergy dispersive x-ray (EDX) analysis. The microstruc-
ture of both LCCO films appeared comparable. Figure
3 shows a SEM image of the slightly underdoped LCCO
film. About 18% of the surface area is uniformly flecked
with particles of ∼ 3 µm diameter. While the surface
background exhibits the composition ratio (La+Ce):Cu
∼ 2.1± 0.2 characteristic of T ′-LCCO, the particles were
found to be centers of strongly enhanced Cu content, with
the statistically averaged ratio (La+Ce):Cu ∼ 1.1± 0.6.
They are thus good candidates for the Cu2O impurity
phase. The high and uniform surface coverage with par-
ticles supports the picture of an isotropically oriented
Cu2O impurity phase of & 10% in the LCCO films. In
addition, we observed line structures oriented along the
ab crystal axes, which exhibit a slightly enhanced Cu
content. These structures may originate from structural
defects or from the T ′-LCCO minority phases. In the
inset of figure 3 we show a surface area of the slightly
underdoped LCCO film, which was partly etched by Ar
ion bombardment. We find that both the particles and
the line structures reach deeply into the film, suggesting
their formation during the crystal growth. The concen-
trations of impurity atoms beyond the constituent ele-
ments of LCCO were below the EDX detection limit.
In order to relate the Raman spectra of Fig. 1 to
the microscopic observations of Fig. 3, we employed the
micro-Raman setup. Figure 4a shows a line scan of the
intensity of mode A in the slightly underdoped LCCO
film. The intensity varies strongly on a length scale of
∼ 3 µm, which is comparable to the size of the parti-
cles in Fig. 3. This underscores the assignment of this
mode to the Cu2O impurity phase. The intensities of
4FIG. 4: (a) Line scan of the intensities of modes A and B of
the underdoped LCCO film taken in the micro-Raman setup
with 50× microscope objective and λ = 532.0 nm, (b) Raman
spectra at T = 30 K before and after sputtering of ∼ 250 nm,
and (c) SEM images before and after sputtering.
modes B and C, on the other hand, depend only weakly
on the measuring position (Fig. 4a), supporting the con-
clusion that they do not originate from Cu2O, but from
the T ′-LCCO host material. We used argon ion sput-
tering under vacuum in an attempt to remove the Cu2O
particles. A comparison of SEM images of the surface
before and after removal of ∼ 250 nm (Fig. 4c) confirms
that the particles are stuck deeply inside the LCCO ma-
trix. While it is thus not possible to remove the particles,
sputtering still reduces both the volume fraction of Cu2O
and the intensity of mode A (Fig. 4b). Modes B and C,
on the other hand, are nearly unaffected by sputtering.
Having obtained a thorough understanding of the mi-
crostructure and phase composition of the LCCO films,
we now focus on anomalies in the temperature depen-
dence of the different optical modes at the superconduct-
ing transition temperature Tc. Figure 5 shows the Ra-
man spectra of the slightly underdoped LCCO film from
10 K to 300 K in z(xx)z polarization for 514.5 nm laser
excitation. The integrated intensities of modes A and
D show a strong temperature dependence with a signifi-
cant increase below T ∼ 150 K. A similar activation was
also observed in the Cu2O reference samples (not shown
here), again confirming their common origin. In contrast,
the intensities of modes B and C exhibit a much weaker
temperature dependence. Figure 6a shows the tempera-
ture dependence of the frequency and FWHM of mode
A. The solid lines are the result of fits to the data above
Tc, using an expression based on anharmonic phonon-
FIG. 5: Raman spectra of the slightly underdoped LCCO film
at temperatures 10 K ≤ T ≤ 300 K in z(xx)z polarization
configuration for 514.5 nm laser excitation. 2∆ ∼ 9 meV
denotes the energy of the superconducting gap. The inset
shows the corresponding quasiparticle conductance at 4.2 K.
phonon interactions [26, 27]. For simplicity we assumed
a symmetric decay into two product modes, which leads
to the following expressions for the phonon frequency ωph
and FWHM Γph:
ωph(T ) = −A
(
1 +
2a
exp(~ω0/2kBT )− 1
)
+ ω0,
Γph(T ) = Γa
(
1 +
2a
exp(~ω0/2kBT )− 1
)
+ Γb,
where A and Γa are positive constants and a corrects
for terms arising from nonsymmetric phonon decay pro-
cesses. Γb represents the temperature-independent part
of Γph.
While mode A follows nearly perfectly the expression
for anharmonic decay in the normal state, we observe
significant deviations from this behavior below T ∼ Tc.
The frequency softens by ∼ 0.7 cm−1 upon cooling below
Tc, and the temperature dependence of the linewidth ex-
hibits a change in slope in the same temperature range,
which corresponds to a narrowing of ∼ 0.5 cm−1. The
deviations from the anharmonic behavior are illustrated
by the shaded areas in figure 6a. In contrast to mode
A, the temperature dependence of the parameters char-
acterizing modes B and C differs substantially from the
standard anharmonic behavior (Figs. 6b and c). In par-
ticular, their frequencies increase continuously with in-
creasing T , opposite to the behavior expected from an-
5FIG. 6: Temperature dependence of the frequency and FWHM of modes A, B, and C in the underdoped LCCO film (see Fig.
1). The triangular points represent a second independent data set at low temperatures. The solid lines are the result of fits to
the data points above Tc according to the theory of anharmonic phonon decay [26, 27] (see text for details). The shaded areas
indicate deviations from the anharmonic temperature dependence below ∼ Tc.
FIG. 7: Temperature dependence of the frequency and
FWHM of modes A and C in the slightly overdoped LCCO
film (Tc ∼ 27 K). The 487.986 nm laser line was used for
excitation. For solid lines see caption of figure 6.
harmonicity. Below Tc, however, they exhibit softening
and narrowing of the same magnitude as the one observed
for mode A. Remarkably, both the anomalous normal-
state behavior of mode C and the renormalization of the
phonon frequencies below Tc are absent in the slightly
overdoped LCCO film (Fig. 7), suggesting that these
features are controlled by the doping level of LCCO.
For comparison we have measured the temperature
dependence of the magnetic susceptibility and phonon
frequencies of the two commercial Cu2O powders. Al-
though pure Cu2O is nonmagnetic,[28] the susceptibili-
ties of both powders exhibit pronounced low-temperature
Curie tails due to magnetic impurities (Fig. 8). The sus-
ceptibility of one of the two samples even exhibits a small
FIG. 8: Temperature dependence of the magnetic suscepti-
bility for different magnetic fields (FC = field cooled, ZFC
= zero field cooled), and frequency of the Γ
(1)
15 mode of two
compressed Cu2O powder samples with different purity levels.
anomaly at low magnetic fields and T ∼ 6 K, and some
field hysteresis over a wider temperature range (Fig. 8b).
These observations agree qualitatively with the recent re-
port of a substantial influence of cation vacancies and
small amounts of magnetic impurities on the magnetic
properties of Cu2O.[29] The overall temperature depen-
dence of the frequency of the intense Γ
(1)
15 mode shown
in Fig. 8 is consistent with the one expected for anhar-
monic decay. In powder sample I, however, the mode
abruptly hardens by ∼ 0.5 cm−1 between T ∼ 15 K
and the base temperature of 5 K (Fig. 8a), while pow-
der sample II shows a small hint of a softening (Fig.
8b). These phonon anomalies are surprising, because
low-temperature structural instabilities have not been re-
6ported for Cu2O.[30] Moreover, they are apparently un-
correlated with features in the magnetic susceptibility.
The phonon anomaly therefore likely arises from sample-
specific defects or impurities. Note that the anomaly of
the Cu2O vibration in powder sample I with higher purity
level is smaller in magnitude and of opposite sign than
the one exhibited by mode A in the underdoped LCCO
film (which was fabricated from ultrapure metal sources
and is therefore much less affected by magnetic impuri-
ties than the commercial powders), and that it occurs at
a lower temperature. Nonetheless, the Raman data on
Cu2O do indicate that the low-temperature behavior of
the Γ
(1)
15 mode is quite sensitive to microstructural de-
tails. This may provide clues to the origin of the anoma-
lous low-temperature behavior of mode A in the LCCO
film, which we had identified with the Γ
(1)
15 mode of the
Cu2O inclusions.
In summary, all of the Raman-active phonons observed
in the underdoped LCCO film (including modes B and
C that are likely due to the LCCO host material as
well as mode A, which likely arises from Cu2O inclu-
sions) exhibit anomalies in their temperature dependence
that are reproducible and clearly outside the experimen-
tal error bars at a temperature that is consistent with
Tc. In discussing these observations, we first ignore the
Cu2O inclusions and consider the standard picture of
superconductivity-induced phonon anomalies which has
been established based on Raman data on hole-doped
high-temperature superconductors.[11, 31, 32] According
to this theory, optical phonons with energies higher than
twice the superconducting gap, 2∆, harden below Tc,
and their linewidths increase due to an enhanced den-
sity of states above the gap. Conversely, phonons with
energies below 2∆ are expected to soften. Deviations
from this behavior are predicted only close to 2∆.[31]
A microscopic formulation of this theory yields a quan-
titative description of electronic Raman scattering and
superconductivity-induced phonon self-energy anomalies
in hole-doped YBa2Cu3O6+y.[12] The superconducting
energy gap LCCO is known from prior transport mea-
surements on the same films that we have investigated
by Raman light scattering.[15] Tunneling characteristics
(one of which is reproduced in the inset of Fig. 5) show
coherence peaks at an energy of 9 meV, which implies
2∆ ∼ 75 cm−1. Since the energies of all of the Raman-
active phonons we have discussed are far above 75 cm−1,
the standard model predicts a weak hardening and broad-
ening below Tc, in complete contrast to our observations.
Since the standard theory of superconductivity-
induced phonon renormalization fails to account for the
observations displayed in Fig. 6, we are forced to con-
sider more unconventional scenarios. A possible explana-
tion of the softening and narrowing of the optical modes
below Tc would be a second gap with magnitude in ex-
cess of 2∆∗ ∼ 100 meV that opens at a temperature
close to Tc or is at least affected by the superconducting
phase transition. In this case, all of the Raman-active
optical modes would be located below this threshold en-
ergy, and the observed softening could be explained by a
straightforward application of the theory of phonon self-
energy to this high-energy gap. The narrowing of the
phonon linewidths would then be a direct consequence
of the reduced number of relaxation channels due to the
loss of spectral weight below 2∆∗. Angle-resolved pho-
toemission spectroscopy [33, 34] and optical spectroscopy
[35, 36] experiments on underdoped NCCO have indeed
yielded evidence of a high-energy “pseudogap” that opens
up below a temperature T ∗ > Tc. Both T ∗ and the
magnitude of ∆∗ were found to decrease with increas-
ing doping level, [34, 37], so that T ∗ cuts the super-
conducting phase boundary at optimal doping.[36] In
the superconducting regime of NCCO, ∆∗ ∼ 100 meV
 ∆.[34] Although no evidence has yet been reported
of a similar phenomenon in LCCO, it is thus conceivable
that interplay between superconductivity and the pseu-
dogap (which may in turn be related to the presence of
antiferromagnetic order [34]) could explain the unusual
superconductivity-induced phonon self-energy anomalies
we have observed. However, nearly identical anomalies
exhibited by mode A (which, as we have argued, probably
originates in the Cu2O inclusions) point to a more com-
plex picture in which proximity and/or inverse proximity
effects at the LCCO/Cu2O interface are also involved. It
is possible, for instance, that charge transfer across the
interface leads to the formation of magnetic Cu2+ ions
and induces cooperative magnetism at the boundaries
of the Cu2O inclusions, which in turn enhances antifer-
romagnetic order and the pseudogap in LCCO. An in-
vestigation of phonon anomalies close the interface by
Raman spectroscopy with spatial resolution comparable
to the superconducting coherence length is well beyond
our current experimental capabilities, but may become
possible in the future based on advances in near-field op-
tics. Based on our observations, it appears worthwhile to
study such effects systematically using other experimen-
tal methods.
In addition to its scientific interest, the technical as-
pects of our study are of general relevance for the investi-
gation of electron-doped high-temperature superconduc-
tors. Inclusions of impurity phases such as lanthanide
oxides [1, 2] and Cu2O are hard to avoid during synthe-
sis and continue to be present in state-of-the-art crys-
tals and films. They are also difficult to detect based on
standard x-ray diffraction, either because epitaxial inter-
growth leads to Bragg peak positions that are similar to
those of the host phase [1, 2] or because powder averag-
ing greatly reduces the intensity of the impurity Bragg
reflections. Note, in particular, that the Cu2O inclusions
in our LCCO films required an experimental setup with
a ratio of LCCO Bragg intensities to the noise floor of
∼ 104 (Fig. 2), which goes beyond the typical diagnos-
tics run on thin films. We have shown that both electron
microscopy and micro-Raman spectroscopy are powerful,
complementary diagnostic tools (Fig. 4). As we have
seen, a thorough understanding of impurity inclusions is
important not only for transport, but also for spectro-
7scopic measurements.
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